The complexity by which cells regulate gene and protein expression is multifaceted and intricate. Regulation of 3′ untranslated region (UTR) processing of mRNA has been shown to play a critical role in development and disease. However, the process by which cells select alternative mRNA forms is not well understood. We discovered that the Saccharomyces cerevisiae lysine demethylase, Jhd2 (also known as KDM5), recruits 3′UTR processing machinery and promotes alteration of 3′UTR length for some genes in a demethylase-dependent manner. Interaction of Jhd2 with both chromatin and RNA suggests that Jhd2 affects selection of polyadenylation sites through a transcription-coupled mechanism. Furthermore, its mammalian homolog KDM5B (also known as JARID1B or PLU1), but not KDM5A (also known as JARID1A or RBP2), promotes shortening of CCND1 transcript in breast cancer cells. Consistent with these results, KDM5B expression correlates with shortened CCND1 in human breast tumor tissues. In contrast, both KDM5A and KDM5B are involved in the lengthening of DICER1. Our findings suggest both a novel role for this family of demethylases and a novel targetable mechanism for 3′UTR processing.
INTRODUCTION
Epigenetics is an ever-evolving field that focuses on heritable phenotypes that do not involve changes of the underlying DNA sequence. Histone modification, DNA methylation, and microRNA (miRNA) regulation are three of the most commonly studied epigenetic phenomena. As the body of knowledge surrounding the field of epigenetics increases, it becomes more apparent that epigenetic regulators play important roles in development and disease. Histone-modifying enzymes are crucial to maintaining the balance of posttranslational modifications on histones. Histone methyltransferases and demethylases have been shown to be involved in cancer, development, and aging [reviewed by Greer and Shi (1) ]. This study reveals the role of a histone demethylase, Jhd2, in 3′ untranslated region (UTR) processing. Jhd2 (also referred to as KDM5) is the only known H3K4me3 demethylase in Saccharomyces cerevisiae (2) (3) (4) (5) . It has not been found to be associated with any known complexes. Here, we show that it recruits polyadenylation machinery to chromatin and promotes alteration of the 3′UTR.
Most eukaryotic mRNA transcripts are cotranscriptionally modified with a 5′ guanosine cap and a 3′ polyadenine (polyA) tail. These modifications aid in preventing degradation and targeting mRNA export. The polyA tail can be added at various places after the stop codon without affecting the coding sequence (CDS) of the resulting transcript. Most transcripts have a canonical polyA site, but many have one or more alternative polyadenylation (APA) sites (6) (7) (8) . Usage of these alternative sites is common in certain tissues in mammals and during certain stresses in yeast (8) (9) (10) . APA is also associated with varying disease states, such as cancer, and with important cell processes, such as differentiation in stem cells (7, 10) . Upstream or "promoter-proximal" sites are usually the alternative sites and preferred in many tumors, whereas distal sites are globally preferred during development and differentiation (7, 11) .
The exact mechanism by which alternative polyA sites are chosen over canonical polyA sites is not well understood. Current literature suggests that the same core machinery is used for both canonical and alternative polyA sites (12) . In eukaryotes, cleavage of mRNA is tightly coupled with polyadenylation (11) . Although the association between polyadenylation and disease is well known, core polyadenylation machinery is essential to the cell and therefore has not been a feasible target for drug development. Here, we outline the impact of Jhd2 and its human homologs, KDM5B and KDM5A, on 3′UTR length and polyA site choice, suggesting that KDM5 enzymes are novel drug targets to modulate 3′UTR length.
RESULTS

Jhd2 physically interacts with polyadenylation machinery
Extensive classification of a complex containing budding yeast demethylase, Jhd2, has not previously been reported. We set out to identify proteins associated with Jhd2 by performing an affinity purification using a tandem affinity purification (TAP)-tagged Jhd2 strain, in which the TAP tag was inserted into the endogenous Jhd2 locus. The protein A portion of the TAP tag binds tightly to immunoglobulin G (IgG). We used IgG-coated beads to pull down TAP-tagged Jhd2. Mass spectrometry results indicated that many RNA processing components copurify with Jhd2 ( Fig. 1A and fig. S1A ), and we verified these results by tandem mass spectrometry ( fig. S1 , B and C). Many of these associated proteins are part of the 3′UTR processing machinery (Fig. 1B) . We then verified our mass spectrometry results using affinity purification, followed by Western blotting. Strains containing TAP-tagged polyadenylation machinery components at the endogenous loci were engineered to overexpress FLAGJhd2. The TAP-tagged proteins were affinity-purified from these strains using IgG beads, and the immunoprecipitates were probed with an antibody against Jhd2 (Fig. 1, C and D, and fig. S2 ).
We found that Jhd2 interacts with many of the polyadenylation complex components from various subcomplexes (Fig. 1, C and D) . The CPF complex is involved in recognition of polyA consensus sequences and cleavage of mRNA before polyadenylation by the polyA polymerase 1 (13) . All available components of the CPF complex were shown to interact with Jhd2. The canonical cleavage factor 1A (CF1A) complex consists of Rna14, Rna15, Pcf11, and Clp1 (Fig. 1B, red) and is involved in recognition of a positioning element bound directly by Rna15. Pcf11 has also been shown to interact with phosphorylated serine 2 on RNA polymerase II (Pol II), a modification that is present during elongation and termination in yeast (14) . Binding of the positioning element by CF1A allows for placement of CPF along the polyA signal. We found that Rna14, Rna15, and Pcf11 interact with Jhd2. Clp1 has been shown to be exchanged for Yra1 when weaker polyadenylation sites are chosen (15, 16) . This is interesting because our mass spectrometry data showed that Yra1, but not Clp1, copurifies with Jhd2 ( Fig. 1A and fig. S1C ). The sole component of subcomplex CF1B, Hrp1, binds to the efficiency element and interacts with Rna14 and Rna15 to direct selection of the polyA site. Consistent with our mass spectrometry results, Hrp1 was pulled down with endogenous Jhd2 (Fig. 1, A and D, and fig. S2B ). We also noted that Jhd2 interacts with itself because we could detect both TAP-tagged and FLAG-tagged Jhd2 in our Jhd2-TAP pulldown (Fig. 1C and fig. S2A ).
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The RNA processing complex has an intricate interaction with RNA. This led us to hypothesize that Jhd2 binding of polyA machinery could be mediated by interaction with RNA. To examine this possibility, we set out to determine whether these interactions were maintained in the absence of RNA. To accomplish this, we repeated the coaffinity purifications in the presence of ribonuclease (RNase). The absence of RNA did not have any significant effect on the interaction of Jhd2 with most 3′UTR processing machinery components or with itself but abolished its interaction with Fip1 and Pcf11 (Fig. 1C, right) .
Jhd2 recruits the CF1A complex to 3′UTRs
Jhd2 is a histone demethylase known to bind chromatin at promoters (17) . We established that Jhd2 associates with polyadenylation machinery, which led us to hypothesize that it also binds chromatin in the genomic region corresponding to the 3′UTR.
Chromatin immunoprecipitation (ChIP) experiments were performed in cells expressing TAP-tagged Jhd2 or Pcf11. Pcf11 was used as a representative core component of the polyadenylation complex. Consistent with the role of Jhd2 in transcriptional regulation, we found that Jhd2 binds not only to the PMA1 promoter but also to the genomic regions near the polyA sites, similar to Pcf11 ( Fig. 2A) . We then performed ChIP sequencing (ChIP-seq) experiments to examine the genome-wide binding patterns of Jhd2 and Pcf11 using the TAP-tagged strains mentioned above. Consistent with a previous report, which showed that polyadenylation factors are recruited near the promoters and terminator regions (18), we found that Jhd2 and Pcf11 binding peaks are very broad and are enriched both near the promoters and at certain 3′UTRs (tables S1 and S2). No ChIP-seq data for Jhd2 have been published, but our results parallel those found previously for Pcf11 (19, 20) . We found that genes bound by Jhd2 and genes bound by Pcf11 overlapped significantly ( Fig. 2B ; P = 7.9 × 10 −141 , hypergeometric test).
The above results led us to hypothesize that Jhd2 recruits the CF1A complex (Pcf11, Clp1, Rna14, and Rna15) to chromatin and/or RNA. To determine whether this phenomenon was true, we performed ChIP of Rna15, a core component of CF1A that binds tightly to Pcf11, in wild-type and Jhd2 deletion yeast strains. As expected, in wild-type strains, Rna15 bound chromatin at the 3′UTR, as shown previously for other components of the CF1A complex (Fig. 2C) (19, 20) . Consistent with our hypothesis, Jhd2 deletion led to a significant decrease in Rna15 recruitment to chromatin at 3′UTRs (Fig. 2C) , and this change is not due to the decreased expression level of Rna15 (Fig. 2D ).
Jhd2 binds RNA in vitro and in vivo
The large number of RNA processing proteins that copurified with Jhd2 led us to hypothesize that Jhd2 also binds RNA and affects RNA processing. No previous studies have addressed the RNA binding capabilities of Jhd2 in vitro or in vivo. To determine whether Jhd2 binds RNA in vitro, we performed an RNA binding assay using recombinant Jhd2 and a randomly generated, biotinylated RNA 20-mer that contains no predicted secondary structure ( fig. S3, A to C) . Although Jhd2 has no known RNA binding domains, it does have a zinc finger/PHD (plant homeodomain) domain, which could possibly bind nucleic acids ( fig.  S3D ). Our results show that recombinant Jhd2 has nonsequence-specific RNA binding activity (Fig. 2E) .
We then performed RNA immunoprecipitation (RIP) experiments to determine whether Jhd2 binds nascent mRNA transcript in vivo. The same TAP-tagged Jhd2 and Pcf11 strains used for ChIP were used for RIP. Again, Pcf11 was used as a representative polyadenylation machinery component because it is part of the CF1A complex known to bind sites upstream of polyadenylation signals (Fig. 1B) . Similar to Pcf11, Jhd2 was enriched from the middle of the transcript and continued to be enriched to just after the first polyA site (Fig. 2F ).
Jhd2 promotes 3′UTR shortening in a demethylase-dependent manner Our affinity purification studies showed that Jhd2 interacts with the polyadenylation machinery. We have also shown that Jhd2 recruits the CF1A complex and binds RNA, which led us to hypothesize that Jhd2 is also involved in the selection of polyadenylation sites. The point at which polyA is added to the mRNA precursor is determined by the cleavage step of 3′ end processing. To determine whether Jhd2 directly affects cleavage, we performed an in vitro reaction using a synthetic RNA substrate containing the GAL7 polyA site ( fig. S4A ). Extracts lacking Jhd2 were as efficient for cleavage as those prepared from wild-type cells, suggesting that Jhd2 is not a constitutive polyadenylation factor and may only promote processing during active transcription. To test this idea, we used an in vitro transcription assay that measures how well transcription proceeds beyond the polyA site on exogenously added DNA. In this assay, recognition and cleavage at a polyA site result in less accumulation of RNA containing sequence downstream of the polyA site. However, there was no increase in transcription downstream of a polyA site in extract from the jhd2 deletion strain ( fig. S4B ).
These results suggested that Jhd2 may only modulate 3′ end processing when transcription occurs in vivo from a chromatin template. To examine this possibility, we performed initial in vivo experiments using transcripts that had well-defined and well-studied polyadenylation sites. The S. cerevisiae gene PMA1 is known to code for two distinct polyadenylation sites (15, 21) . It is also expressed endogenously at high levels and is therefore a good candidate for studying transcript length.
All core polyadenylation components in yeast are essential; therefore, none of them can be deleted. To establish the effect of core polyadenylation machinery on 3′UTR length, we used pcf11-2, a temperature-sensitive strain that codes for a nonfunctional Pcf11 protein when grown at 37°C (22, 23) . RNA was extracted from wild-type and pcf11-2 strains and subjected to reverse transcription qPCR (RT-qPCR). Polyadenylation typically occurs 10 to 30 base pairs (bp) downstream from the polyadenylation signal. The length of the 3′UTR of PMA1 was studied using primer sets amplifying the CDS (both the longer and shorter transcripts) and the transcript region downstream of the first polyA signal (the longer transcript only) (Fig. 3A) . We found that inactivation of Pcf11 caused an increase in the longer transcript (Fig. 3B ). Note that depletion of Pcf11 did not affect transcript levels of Jhd2 ( fig. S5A ).
To determine whether loss of Jhd2 phenocopies Pcf11 inactivation, we obtained a strain with a Jhd2-deleted and inserted empty vector, FLAG-Jhd2 or FLAG-Jhd2H427A, a catalytically inactive Jhd2 mutant ( fig. S5 , B and C). Similar to pcf11-2 strains, loss of Jhd2 caused 3′UTR lengthening (Fig. 3C) . Conversely, reintroduction of catalytically active Jhd2 partially reversed the 3′UTR-lengthening phenotype (Fig. 3C ). In contrast, overexpression of the demethylase-deficient Jhd2 (Jhd2H427A) only had a partial effect (Fig. 3C) .
In metazoans, distal polyadenylation sites tend to be canonical, whereas proximal sites are used less often. After noting that Jhd2 deletion causes lengthening in transcripts that can be rescued by reintroduction of a functional enzyme, we wanted to determine whether Jhd2 was aiding in selection for shorter 3′UTRs or whether it was specifically allowing selection of weaker and/or less conserved polyA sites. Because yeast uses both polyadenylation sites on PMA1 equally, we could not determine whether promotion of 3′UTR shortening by Jhd2 resulted in selection of polyA sites based on signal strength or distance from the CDS. For this reason, we chose to further our studies using a system that has the strong and weak polyadenylation sites in the opposite positioning, that is, a system with a well-defined "weak" downstream polyadenylation site (24, 25) . This method involves using the Kluyveromyces lactis CYC1 (KlCYC1) gene, which was reported to have two polyadenylation sites that are roughly 400 bp apart in S. cerevisiae (Fig. 3D) . The distal site of KlCYC1 has none of the canonical polyA motifs, whereas the proximal site has all the motifs (Fig. 3D ). Unlike the Jhd2 deletion strains used above, all these strains contain the chromosomal copy of the JHD2 gene ( fig. S6 ). We observed that overexpression of Jhd2 caused 3′UTR shortening of KlCYC1 (Fig. 3E ). In contrast, overexpression of the demethylase-deficient Jhd2 did not have any effect (Fig. 3E) . Together, these results suggest that Jhd2 can aid in the selection of proximal polyA sites of some genes in a demethylase-dependent manner.
Jhd2 affects 3′UTR length on a global level
The results above led us to hypothesize that Jhd2 deletion affects 3′UTR length on a global level. To this end, we used 3′ region extraction and deep sequencing (3′READS) to map all the polyadenylation sites in wild-type and Jhd2 deletion strains (26) . Briefly, 3′READS involves fragmentation of RNA, enrichment for polyadenylated fragments using magnetic beads, digestion by RNase H, and ligation of sequencing adapters (Fig. 4A) . Consistent with previous studies using direct RNA sequencing (RNA-seq), we found that most genes (3860 of 4979 or 78%) have at least two polyadenylation sites (27, 28). , FLAG-Jhd2 (Djhd2 + FLAG-Jhd2), or demethylase-inactive FLAG-Jhd2 (Djhd2 + FLAG-Jhd2H427A). Error bars represent SEM (n = 8). **P < 0.01. (D) Representation of the KlCYC1 3′UTR with conserved polyA motifs at its proximal polyadenylation site but with no conserved motifs at its distal polyadenylation site. EE, efficiency element; PE, positioning element; UUE, upstream U-rich enhancer element; DUE, downstream U-rich enhancer element. (E) RT-qPCR analysis of the ratio of KlCYC1 3′UTR to CDS mRNA in strains expressing KlCYC1 and either empty vector, FLAG-Jhd2, or demethylase-inactive FLAG-Jhd2H427A. All mRNA levels are normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Error bars represent SEM for biological triplicate experiments. **P < 0.01.
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Because many genes have multiple transcripts, we chose to compare the ratio of the two most abundant transcripts for each gene between Jhd2 deletion and wild-type strains. We found that among the 3510 genes with abundant reads, Jhd2 deletion led to increased distal transcripts for 76 genes (referred to as lengthened genes) and decreased distal transcripts for 125 genes (referred to as shortened genes) (Fig. 4B and table S3 ). For example, Jhd2 deletion results in increased usage of the distal polyA sites for YNL289W and YHR103W and of the proximal polyA site for YHR215W (Fig. 4 , C to E), and these results have been validated with RT-qPCR (Fig. 4, F to H) . These results support our hypothesis that Jhd2 is involved in maintenance of 3′UTR length and mRNA stability.
Low KDM5B level is associated with 3′UTR lengthening of oncogene CCND1 Humans have four KDM5 family proteins: KDM5A, KDM5B, KDM5C, and KDM5D (29) . The human KDM5 histone demethylases have been associated with cancer progression and stem cell development (30) (31) (32) (33) (34) (35) and function as transcriptional regulators of genes key to cell proliferation and development (36) (37) (38) . KDM5B (also known (39) (40) (41) (42) (43) .
Here, the phenomena involving Jhd2 that we have noted suggest that its mammalian paralogs may play similar roles in human cancers. It has been discovered that, in cancer cells, oncogenes have shortened 3′UTRs (44) . These shortened 3′UTRs lack miRNA binding sites that would normally lead to translational repression or mRNA degradation. As a result, the corresponding oncoproteins are overexpressed and contribute to cancer progression. A general shortening of oncogene 3′UTRs in breast cancer cell lines and tumors has since been corroborated (45, 46) .
We hypothesized that KDM5B works through a mechanism similar to Jhd2 in promoting 3′UTR shortening of oncogenes. We chose to examine cyclin D1 (CCND1) as a candidate oncogene because it expresses long and short transcripts in multiple cancer cell lines (44) . CCND1 has several polyadenylation sites with many miRNA binding sites in between (Fig. 5A) . The distal polyA site is the canonical site used in MCF10A immortalized mammary epithelial lines (44) . Use of the proximal sites causes loss of all or many miRNA binding sites, and an increase in usage of proximal polyA sites results in an increase in its expression (Fig. 5A) (44) . To study the potential involvement of KDM5B in this phenomenon, we knocked down KDM5B expression using a short hairpin RNA (shRNA). We chose to use two breast cancer cell lines, T47D and MCF7 (Fig. 5 , B and C), which are known to express high levels of KDM5B. Knockdown of KDM5B in both cell lines resulted in an increase in the long transcript (Fig. 5, B and C) . In contrast, knockdown of KDM5A (also known as JARID1A or RBP2) in T47D cells showed no effect (Fig. 5D) . Together, these results suggest that down-regulation of KDM5B, but not KDM5A, causes lengthening of the CCND1 3′UTR.
The high levels of KDM5B noted in some breast tumor samples led us to wonder whether the above regulation can be validated in breast tumors. To this end, we investigated the correlation between KDM5B expression and CCND1 3′UTR length in patient samples using dynamic analysis of APA from RNA-seq (DaPars), which allows for detection of APA events in standard RNA-seq data (47) . To study the effect of KDM5B levels on APA on oncogenes, we selected 10 breast tumors expressing the highest levels of KDM5B and 10 breast tumors expressing the lowest levels of KDM5B from The Cancer Genome Atlas (TCGA) breast cancer data set and compared APA levels of CCND1 in these two groups. We observed strong association of high KDM5B expression with selection for short CCND1 3′UTR (P = 0.004, Wilcoxon rank sum test; six representative samples in Fig. 5E ). These results parallel those that we have found for KDM5B in breast cancer cell lines (Fig.  5, B and C) .
KDM5s regulate 3′UTR length in both demethylase-dependent and demethylase-independent manners As we have shown that Jhd2 promotes 3′UTR shortening of some genes in a demethylase-dependent manner in yeast, we further examined the contribution of the KDM5 demethylase activity to 3′UTR regulation in mammalian cells using a potent cell-permeable pan-KDM5 inhibitor, KDM5-C70 (48, 49) . Although KDM5-C70 treatment increased global H3K4me3 levels in MCF7 cells as expected (Fig. 6A) , it did not affect the length of 3′UTR for CCND1 (Fig. 6B) , suggesting that demethylase activity of KDM5B is not required for APA regulation of CCND1. We also examined another well-characterized APA target, DICER1, which was shown to be shortened after CFIm25 down-regulation (50) . Similarly, KDM5-C70 treatment increased global H3K4me3 levels in HeLa cells (Fig. 6C) . In this case, KDM5-C70 also led to decreased 3′UTR length of DICER1 (Fig. 6D) , supporting the notion that the demethylase activity of KDM5 family members is involved in APA regulation of DICER1. To determine which KDM5(s) contribute to this regulation, we deleted KDM5A, KDM5B, and KDM5C individually using an inducible CRISPR (clustered regularly interspaced short palindromic repeats) system (51, 52) and found that deletion of KDM5A or KDM5B, but not KDM5C, decreased 3′UTR length of DICER1 (Fig. 6E) , suggesting that both KDM5A and KDM5B are involved in APA regulation.
DISCUSSION
Here, we found that in addition to its role in transcription regulation, the yeast KDM5 family protein, Jhd2, recruits polyadenylation machinery and promotes alteration of 3′UTRs. We showed that regulation of 3′UTR length is likely linked to the ability of Jhd2 to interact with both chromatin and mRNA transcript. We further showed consistent results in regulation of 3′UTR by its mammalian homologs KDM5B and KDM5A, indicating that this function is evolutionarily conserved. Thus, our work revealed a novel functional interaction of a chromatin regulator, KDM5, with mRNA processing machinery, suggesting that transcription regulation and mRNA processing are coupled through the function of the KDM5 family of enzymes.
The mechanism by which cells choose different polyA sites is one of the great mysteries of RNA processing. Here, we showed that KDM5 enzymes can alter usage of polyA sites, and our findings suggest several possible mechanisms (Fig. 6F) . First, KDM5 enzymes could do this by targeting the polyA machinery to different polyA sites. By interacting with RNA and chromatin, Jhd2 could increase the amount of polyadenylation factors at proximal or distal polyA sites and promote 3′ end processing at these sites (Fig. 6F) .
Second, Jhd2 may also affect polyA site usage by affecting RNA Pol II pausing and elongation, independent of its effect on polyadenylation factor recruitment. In this regard, it has been shown that the speed of elongation can affect polyadenylation site choice (53) (54) (55) . Consistent with this idea, our affinity purification data also showed that Jhd2 can interact with several components involved in transcription elongation, such as Spt5 and Dst1 (Fig. 1A) .
Third, our work on PMA1 and KlCYC1 also suggests that the demethylase activity of Jhd2 promotes usage of the proximal polyA sites for some genes. Previous studies showed that Jhd2 loss increased H3K4me3 levels near transcription termination sites during sporulation (56) . We performed ChIP-seq using an anti-H3K4me3 antibody in wild-type and Jhd2 deletion strains ( fig. S7 ) and observed a significant dip of H3K4me3 signal near proximal polyA sites ( fig. S7A) . Surprisingly, we found no major difference in H3K4me3 levels near the beginning of open reading frames (ORFs) [translational start site (TSS)], at either proximal or distal polyA sites genome-wide, and even of genes in which polyA site choice is affected by Jhd2. These results suggest that H3K4 methylation does not contribute to polyA site selection under normal growth conditions. Note that some components of polyadenylation machinery, including Pcf11, are methylated at lysines and arginines (57) (58) (59) . It is possible that Jhd2 partly regulates 3′UTR choice by demethylating or hydroxylating factors involved in polyadenylation or transcription elongation (Fig. 6F) .
Our results have important implications in the role of the KDM5 proteins in carcinogenesis. We showed that KDM5B knockdown increased the percentage of longer transcripts for a well-known oncogene, CCND1 (Fig. 5, B and C) , whereas KDM5A and KDM5B deletion led to shortening of DICER1, a tumor suppressor gene critical for miRNA processing (60) . These results suggest that targeting KDM5s in cancer could have beneficial effects through APA regulation. Using KDM5-C70, a potent pan-KDM5 inhibitor, we showed that the demethylase activity of KDM5s is required for the regulation of APA for DICER1, but not for CCND1. These data suggest that both the demethylase activity and the demethylase-independent functions of KDM5s are required for modulating APA. Previous studies also showed that KDM5s have roles beyond their demethylase activity in cancer and development (36, 48, 61, 62) . Error bars represent SEM for biological triplicate experiments. *P < 0.05; ***P < 0.001; ****P < 0.0001; n.s., not statistically significant. (D) RTqPCR analysis of KDM5A and CCND1 with the indicated amplicons in T47D breast cancer cells transfected with the indicated small interfering RNAs (siRNAs). Error bars represent SEM for biological duplicate experiments. *P < 0.05. (E) RNA-seq coverage of the 3′UTR region of CCND1 in patient tumors expressing low levels of KDM5B compared with patient tumors expressing high levels of KDM5B. Both polyA (green and red bars) and miRNA (green bars) sites are noted. The box highlights the difference of the two long isoforms of CCND1 between these two groups. TCGA tumor sample identifiers are listed.
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Current KDM5 inhibitors are small molecules that inhibit KDM5 demethylase activity (48, 49, (63) (64) (65) (66) (67) , and our results suggest that targeting other roles of KDM5A and KDM5B is also required to suppress the oncogenic roles of KDM5A and KDM5B.
MATERIALS AND METHODS
Plasmids, yeast strains, and primers All plasmids, yeast strains, and primers are described in tables S4, S5, and S6, respectively.
Purification and mass spectrometric identification of proteins interacting with Jhd2
To determine protein-protein interactions, a strain of S. cerevisiae expressing a TAP-tagged version of Jhd2 was grown to mid-log phase and harvested by centrifugation. Cells were then frozen in liquid nitrogen, cryogenically lysed using a Retsch MM301 ball mill, and thawed in immunoprecipitation (IP) buffer [20 mM Hepes-NaOH (pH 7.4), 2 mM MgCl 2 , 300 mM NaCl, 0.1% Tween 20, and 1 / 100 protease inhibitor cocktail]. Deoxyribonuclease I (DNase I) was added to each lysate at 2% (w/v). Cells were incubated at 4°C for an hour and centrifuged at 1800g at 4°C for 10 min to create cell lysate. Cell lysate from 12 g of cells was incubated with IgG-coated M270 Epoxy Dynabeads (Invitrogen) at 4°C for 3 hours. A magnet was used to isolate the Dynabeads, and samples were washed five times in IP buffer [20 mM Hepes-NaOH (pH 7.5), 2 mM MgCl 2 , 300 mM NaCl, 0.1% Tween 20, and 1 / 100 protease inhibitor cocktail]. After the final wash, the beads were incubated with 500 mM NH 4 OH and 0.5 mM EDTA (pH 8.0) for 10 min at room temperature. Supernatant was flash-frozen and lyophilized in a SpeedVac. Samples were then resuspended in protein sample buffer (78 mM tris-HCl, 25 mM tris base, 12.5% glycerol, 6.25 mM tris(2-carboxyethyl)phosphine-HCl, 2.5% SDS, and 0.003% bromophenol blue), heated at 95°C for 5 min, and resolved by 4 to 20% tris-glycine SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels (Bio-Rad). Samples were stained with GelCode Blue Coomassie (Thermo Fisher). Gels were excised into 30 bands. Gel bands were destained and digested using trypsin (Sigma-Aldrich). Peptides were then collected using ZipTip (Waters). Spectra were collected on a Thermo LTQ-XL Linear Ion Trap Mass Spectrometer and analyzed using Scaffold software (Proteome Software). Protein identity was cut off at 99%, and peptide certainty The ratio of 3′UTR to CDS for DICER1 mRNA was plotted. Error bars represent SEM for biological triplicate experiments. **P < 0.01. (E) RT-qPCR analysis of HeLa/iCas9-c1 cells transduced with lentiviruses carrying single-guide RNAs against KDM5A, KDM5B, KDM5C, or nontargeting control. The ratio of 3′UTR to CDS for DICER1 mRNA was plotted. KO, knockout. Error bars represent SEM for biological triplicate experiments. *P < 0.05; **P < 0.01. (F) Working model for KDM5 involvement in APA. KDM5 recruits the polyA machinery to nascent RNA to modulate polyA site choices. Demethylation or hydroxylation of certain subunits of the polyA machinery by KDM5 also contributes to selection of the polyA sites. The polyA sites (dashes) are noted on the nascent transcript.
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was set at 95% with at least two peptides identified. Tandem spectra for proteins of interest were manually verified using Xcalibur software (Thermo).
Coaffinity purification and Western blotting of polyadenylation machinery
Coaffinity purification experiments were performed using TAP-tagged strains of polyadenylation machinery components. Strains were grown in appropriate media to mid-log phase and lysed in IP buffer with or without RNase A (75 ng/ml). Complexes were purified using IgG-Sepharose beads (Sigma-Aldrich) and washed four times in IP buffer. After the final wash, beads were incubated with 500 mM NH 4 OH and 0.5 mM EDTA (pH 8.0) for 10 min at room temperature. Complexes were then lyophilized, resuspended in SDS sample buffer, and resolved on an SDS-PAGE gel. Gels were transferred to nitrocellulose membranes and blotted with a Jhd2 antibody (Active Motif, 39263) or horseradish peroxidase (HRP)-IgG (Rockland Immunochemicals, 612-4302).
In vitro cleavage and transcription reactions
In cleavage assays, radioactive RNA containing the GAL7 polyA site was incubated with extracts prepared from yeasts in the presence of 3′-deoxyadenosine triphosphate, which blocks polyA addition. Preparation of extract and precursor and detailed reaction conditions are as described by Zhao et al. (68) . RNAs were purified from samples, resolved on a denaturing 5% polyacrylamide gel, and visualized by phosphorimager analysis.
Extracts were prepared as described by Pearson and Moore (69) and used to transcribe 32 P-labeled RNA from the DNA templates, which contains a promoter for RNA Pol II and five G-less cassettes of different lengths downstream of the transcription start site, with or without the CYC1 polyA site inserted between the second and third cassettes. RNA produced by transcription was digested with RNase T1, and the RNA fragments were resolved on a 6% polyacrylamide/7 M urea gel and visualized by phosphorimager analysis. The signal derived from upstream cassettes [84 and 100 nucleotides (nt)] was compared to that from the downstream cassettes (120, 131, and 145 nt) to determine the effect of a polyA site.
RNA extraction and RT-qPCR
Yeast RNA was extracted via a standard hot acid phenol procedure (70) . Briefly, yeast cells were grown to mid-log phase, resuspended in TES buffer [10 mM tris-HCl (pH 7.5), 10 mM EDTA (pH 8.0), and 0.5% SDS] and acid phenol, and incubated at 65°C. Temperaturesensitive pcf11-2 mutants were grown at 30°C until mid-log and then transferred to 37°C for an hour before RNA was collected. RNA was then extracted twice in acid phenol and once in chloroform before it was resuspended in dimethyldicarbonate-treated water. Human cell line RNA was extracted using RNeasy Mini Kit (Qiagen). Quantification was performed on a NanoDrop spectrophotometer (Thermo Fisher). For mRNA expression analysis, RNA was converted into cDNA using HighCapacity cDNA Reverse Transcription Kit (Applied Biosciences) and was amplified using SYBR Green mix (Applied Biosciences) on a ViiA7 machine from Applied Biosystems. For quantification, mRNA levels were normalized to GAPDH and compared to wild-type levels. All studies involving relative mRNA levels were carried out in biological triplicate and represented as averages ± SEM. All the data were assessed with unpaired Student's t test.
APA analysis
For 3′READS analysis, wild-type yeast or yeast with Jhd2 deletion was grown to mid-log phase, and RNA was extracted from three biological replicates of Jhd2 deletion samples and two biological replicates of wildtype samples as mentioned above. cDNA libraries enriched for 3′UTRs were prepared as previously published and noted in Fig. 4A (26) . Samples were then subjected to RNA-seq on the Illumina HiSeq 2000 using 50-and 100-bp single-end reads. 3′READS data were deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database under accession number GSE67212. Data were analyzed as previously described with the following modifications: Adapter sequences were trimmed off the single-end reads (26) . The remaining reads longer than 15 bp were mapped to yeast genome SacCer3 using bowtie2 with the setting "-5 4 --local," trimming off 4 bp from 5′ and allowing soft clipping at both ends (71) . The alignments were then filtered by (i) mapping quality score ≥10, (ii) mismatches ≤5%, and (iii) unaligned 5′ Ts ≥2 to get the polyA site-supporting (PASS) reads. The last aligned positions of the PASS reads were grouped to pA clusters with a clustering size of 24 bp. Each pA cluster was assigned to one of the genes defined by the Saccharomyces Genome Database with verified ORF. pA assignment was conducted using a 5′-truncated gene model, starting from 100 bp downstream of the start of CDS, to 1000 bp downstream of the end of CDS or 100 bp downstream of the next CDS in the same direction, whichever is shorter. The pA clusters that were then filtered by contains (i) ≥10 PASS reads and (ii) ≥5% of all PASS reads mapped to the gene.
For each gene with more than one pA cluster, the two most abundant pA clusters with at least nine supporting PASS reads in all the samples combined were tested for APA. A linear mixed-regression model was used to examine whether the log 2 (distal ratio) was significantly different between three Jhd2 deletion and two wild-type samples. Distal ratio is defined as the ratio of PASS reads of the distal pA cluster over that of the proximal pA cluster. In the linear mixed model, the log 2 count of PASS reads of each pA site of each sample was modeled with the lmerTest package in the following formula: logCount~pA + genotype + pA/genotype + batch + (1|sample), where pA is one of the two pA sites (distal and proximal), genotype is either wild-type or Jhd2-deleted, and the batch is one of two batches. The sample was modeled as a normalizing random parameter. The interaction term pA/geneotype was used to imply APA. The top list was selected using the following criteria: (i) P ≤ 0.05 and (ii) fold change of distal ratio ≥1.5.
ChIP and sequencing
For ChIP experiments, yeast cells were grown to mid-log phase and cross-linked using 1% formaldehyde for 15 min at room temperature. Samples were washed in phosphate-buffered saline and lysed by lysis buffer [50 mM Hepes (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate (DOC), 0.1% SDS, and protease inhibitors] with 500 ml of glass beads. Shearing of DNA was carried out using a Bioruptor sonicator (Diagenode) for 25 min with 30-s on and 30-s off cycles. TAP-tagged proteins were isolated from chromatin using rabbit IgG-Sepharose beads. CL-4B Sepharose beads (Sigma-Aldrich) were used for control IP. Data for H3K4me3 ChIP were attained using ChIP-grade antibodies against H3K4me3 (Abcam, ab8580) and Protein A-Sepharose beads (Sigma-Aldrich). IgG (Sigma-Aldrich, I5381) was used as a nonspecific control for H3K4me3 and Rna15 ChIP. All samples were washed in lysis buffer, washing buffer [10 mM tris-HCl (pH 8.0), 250 mM LiCl, 0.5% NP-40, 0.5% NaDOC, and 1 mM EDTA], and tris-EDTA (TE) buffer [10 mM tris-HCl (pH 8.0) and 1 mM EDTA (pH 8.0)]. Cross-links were reversed in TES [10 mM tris-Cl (pH 7.5), 1 mM EDTA, and 1.0% SDS] at 65°C, and samples were treated with proteinase K. DNA was precipitated using standard ethanol precipitation protocols and was resuspended in TE containing RNase. The same SYBR Green mix and ViiA7 machine, as mentioned above, were used for quantification of ChIP efficiency. ChIP data were analyzed using fold enrichment over the control ChIP. All ChIP experiments were carried out in biological triplicate. ChIP-seq experiments were performed using HiSeq 2000 (Illumina).
ChIP-seq analysis
The sequencing reads (50 bp, single-end) were trimmed for 3′ adapter sequences using Trimmomatic, and the reads shorter than 36 bp after trimming were excluded (72) . The remaining sequencing reads were aligned to the S. cerevisiae reference genome (SacCer3) using bowtie (71) . Up to one mismatch was allowed in the 28-bp seeding region for each aligned read. Reads mapping to multiple sites were excluded. ChIP-seq data were deposited in the NCBI Gene Expression Omnibus database under accession number GSE67212. Binding regions were identified using SICER with the following parameters: a effective genome size of 0.74, a window size of 200 bp, and a gap size of 200 bp (73) . HOMER was used for peak annotation and coverage calculation (74) . The IGV was used for visualization (75) . Python and R scripts were used to obtain the metagene plots on the basis of the peak annotation and normalized coverage. The base pair coverage for each gene in the gene set was aggregated by sum at each position of the metagene region (±1000 bp relative to TSSs or polyA sites). The coverage was then normalized to the total coverage in the region for each sample (IP, input separately), followed by a log 2 ratio calculation between IP and input.
Expression of recombinant Jhd2
Recombinant Jhd2-6xHis used for RNA binding experiments was cloned into the pRSF-duet vector using Sal I and Hind III restriction enzyme sites. Protein was expressed in BL21DE3 Escherichia coli cells, lysed in lysis buffer (pH 8.0) (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, and proteinase inhibitors), and purified using an ÄKTA pure 25 fast performance liquid chromatography instrument equipped with a HisTrap nickel column (GE Healthcare Life Sciences). The column was equilibrated and washed with lysis buffer, and His-tagged Jhd2 was eluted using elution buffer (pH 8.0) (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, and proteinase inhibitors). Protein was verified by Western blot using both Jhd2 (Active Motif, 39263) and His tag antibodies (Cell Signaling Technology, 2365) ( fig. S3A ).
In vitro RNA binding assay A biotinylated RNA 20-mer was designed using a random sequence generator and obtained from Integrated DNA Technologies. Three RNA structure prediction software tools (RNAfold, Sfold, and RNA structure) were used to determine the absence of secondary structure. Reactions were prepared containing 0.01 mg of RNA and 5.0 mg of recombinant His-Jhd2 in binding buffer [50 mM tris-HCl (pH 7.9), 10% glycerol, 100 mM KCl, 5 mM MgCl 2 , 10 mM b-mercaptoethanol, and 0.1% NP -40] . A control that contained no RNA was prepared. The reactions were incubated with rotating for 1 hour at room temperature. Streptavidincoupled magnetic M-280 Dynabeads (Invitrogen) were added to the reaction, and samples were incubated while rotating for an additional 30 min at room temperature. The beads were washed four times with binding buffer. Samples were combined with SDS loading buffer and incubated at 95°C for 5 min. The proteins were resolved using SDS-PAGE and detected via Western blot using a Jhd2 antibody (Active Motif, 39263).
RNA immunoprecipitation
RIP experiments were performed as previously published by Selth et al. (76) . Briefly, yeast cells were grown to mid-log phase and cross-linked using 1% formaldehyde for 15 min at room temperature. Samples were lysed in FA lysis buffer with glass beads. DNase was added before and after cell lysis. Shearing of DNA was carried out using a Bioruptor sonicator (Diagenode) for 7 min, with 15-s on and 60-s off cycles. TAPtagged proteins were isolated from chromatin using IgG-Sepharose beads (Sigma-Aldrich). CL-4B Sepharose beads were used as a negative control (Sigma-Aldrich). Samples were then washed with FA lysis buffer, high-salt lysis buffer [50 mM Hepes (pH 7.5), 500 mM NaCl, 1 mM EDTA (pH 8.0), 1% Triton X-100, 0.1% sodium deoxycholate, and protease inhibitors], LiCl buffer [10 mM tris-Cl (pH 8.0), 250 mM LiCl, 1 mM EDTA (pH 8.0), 5% NP-40, 1% sodium deoxycholate, and protease inhibitors], and TE buffer, all containing RNase inhibitors. Samples were eluted in TE + 1% SDS. Cross-links were reversed at 65°C, and samples were treated with proteinase K. RNA was precipitated using the RNA extraction protocol outlined above. Samples were resuspended in RNase-free water containing DNase. RNA was converted into cDNA as mentioned above and analyzed using real-time PCR. Data analysis was performed using fold enrichment over beads alone. All RIP experiments were carried out in biological duplicate.
KDM5 knockdown and knockout cell lines
Breast cancer cell lines MCF7 and T47D and cervical cancer cell line HeLa were obtained from the American Type Culture Collection tissue bank. shRNAs targeting either scrambled sequence or KDM5B as described previously were introduced to these cell lines using lentiviral infection (63) . Cell lines stably expressing these shRNAs were used for 3′UTR length studies as mentioned above. For KDM5A knockdown, siRNAs targeting scrambled sequence or KDM5A as described previously were transiently transfected into T47D cell lines (36) . Knockout of KDM5 members in HeLa/iCas9-c1 cells was achieved using the inducible CRISPR/Cas9 system as previously described (51) .
Analysis of CCND1 3′UTR in patient samples
Of the 1240 breast invasive carcinoma RNA-seq samples in TCGA, we selected 10 samples with highest KDM5B expression and another 10 samples with lowest KDM5B expression. These two groups were analyzed by DaPars to identify dynamic 3′UTR usage events. The 3′UTR usage of each sample was quantified by percentage of distal polyA site usage index (PDUI) (47) . Finally, the change in PDUI between two groups (DPDUI ≥0.2) and t test of PDUI between two groups P ≤ 0.05 were used to identify significant APA events. On the basis of these parameters, the gene CCND1 was identified to have significantly different 3′UTR usage between the high-KDM5B expression group and the low-KDM5B expression group. The read densities of six selected samples are shown in Fig. 5E . Institutional Review Board guidelines were followed for this analysis.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/2/11/e1501662/DC1 fig. S1 . Mass spectrometry results. fig. S2 . Western blot analysis of TAP-tagged proteins. fig. S3 . Materials for in vitro RNA binding experiments. fig. S4 . Loss of Jhd2 does not affect processing or polyA-dependent termination in vitro. fig. S5 . RT-qPCR and Western blot analysis for Jhd2 mRNA and protein used in PMA1 studies. fig. S6 . RT-qPCR and Western blot analysis for Jhd2 mRNA and protein used in KlCYC1 studies. fig. S7 . Metagene plots of H3K4me3 levels. table S1. Jhd2 bound peaks identified using SICER. table S2. Pcf11 bound peaks identified using SICER. table S3. List of genes with APA after Jhd2 deletion. 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
